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GENETIC CONTROL OF RECOMBINATION IN THE A INCOMPATIBILITY
FACTOR AND RELATING MARKERS OF SCHIZOPHYLLUM COP8WNE
I. INTRODUCTION
Recombination of genetic materials is one of the oldest
but not fully understood genetic problems. Different app-
roaches have been attempted to find out the mechanism of
recombination. Many important findings, for example, gene
conversion, negative interference, polarity of recombination,
direct proof of breakage and reunion process in prokaryotes,
and electron-microscopic study of synatinemal complex, have
brought forth promising evidences in disclosing the mechanism
of recombination. Discussion of the above subjects has been
reviewed by many authors (Whitehouse and Hastings 1965;
Holliday 1968; Whitehouse 1970 and Putrament 1971). The
discovery of genetic control of recombination is equally
important as the above findings.
Genetic control of recombination has been reported in
many organisms, for example, rye (Rees 1955), tomato (Butler
1968), yeast (Simchen, Ball and Nachshon 1971), bacteria and
their phages (Clark 1971). More information concerning this
phenomenon among eukaryotes is obtained from the study of
Drosophila, Neurospora and Schizophyllum. Before we discuss
what has been found in these organisms, we ought to know some
historical background of recombination.
2A. Recombination frequency asa measurement of gene location
Recombination is the process by which rearrangement of
genetic materials occurs in a gene pool. Generally, it refers
to the breakdown of linkage through reciprocal crossing over
during meiosis.
Concept of linkage of genetic materials was first proposed
by Bateson, Saunders and Punnett (1905), although they called
the phenomenon 'partial gametic coupling'. In 1910 and 1911,
Morgan reported that white-eyed and rudimentary winged mutations
in Drosophila always followed the distribution of sex chromo-
somes. The non-parental classes were comparatively smaller
than the parental classes. He concluded that these mutations
fell into the same linkage group. Occurrence of non-parental
classes was the result of crossing over. In 1913, Sturtevant
studied six sex-linked genes in Drosophila and showed that
linear arrangement of these genes could be drawn according to
the proportion of 'cross-over'. In other words, the percentage
of 'cross-overs' could be used as an index of the distance
between any two genes. He said, This scheme gives consistant
results in the main. Further he pointed out that this
recombination frequency did not necessarily represent the
actual relative spacial distance of genes. The coupling
strength varied in some cases. It was, probably subjected
to other internal or external factors.
The foresight of Sturtevant was proven to be correct.
Now, it is found that recombination frequencies can be changed
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by enviromental factors as well as by genetic factors.
B. Genetic control of recombination frequency
(i) Drosophila
In Drosophila, recombination values are found extremely
varied between the male and the female. Normally there is no
crossing over in the male. Kikkawa (1938) and Moriwaki (1940)
discovered that recombination did occur in males of D. ananassae
spontnaeously, although at a very low level. Occurrence of
recombination is controlled by genetic factor(s). Dominant
genes, which were called "Enhancer", En and En-II, causing cross-
ing-over in males, are probably located on chromosome 3 and
chromosome 2 respectively.
Mukherjee (1961) and Kale (1968) reported that recom-
bination frequencies in male Drosophila increased in response
to selection. Hinton (1970) succeeded in identifying the
presence of a dominant enhancer, (E) ,and a recessive suppressor,
(s), which controlled the occurrence of crossing over in males,
located on chromosome 3 and chromosome 2 respectively. In
addition, evidence suggested the presence of modifiers which may
influence the quantitative variability in crossing over values.
Variation in recombination frequencies in female Drosophila
was found to be affected by genetic background of different
strains, by Gowen (1919) and later by Levine and Levine (1955).
Through selection experiments, many authors have demonstrated
that recombination values can be changed by selection (Detlefsen
and Roberts 1921; Mukherjee 1961; and Acton 1961).
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Lindsley, Sandler, Nicoletti and Trippa (1968) studied
the recombination frequencies between pn locus and the centro-
mere. They found that recombination frequencies of those
stocks derived from different natural populations were differ-
ent from that of those derived from a control laboratory popu-
lation. They concluded: "Approximately 30% of the variablility
in map length is attributable to the autosomal genotype in the
samples selected from natural populations".
Furthermore, they analyzed the recombination data from
various mutant genotypes and their controls. They concluded
that different stages of meiosis were disturbed in different
mutations, so that various recombinational manner resulted.
Sheldon, Rendel and Finlay (1969) also reported the rever-
sion from scute to wild type in D. melanogaster; it was found
to be an allelic recombination event. Rate of reversion depended
on the selected genetic background. They concluded: "It may
have a gene which both increases recombination at the scute
locus and regulates the activities of the scute locus".
(ii) Neurospora crassa
In 1964 Catcheside and his associates discovered that
recombination frequencies at different loci (his-I., his-5 and
the flanking markers of his-3) were varied among different
stocks of N. crassa. Genetic control of recombination in this
fungus was definitely proven by an extensive study. These
genetic factors causing variation in recobimation frequency
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are summarized in Table 1. Several common features are
shared by these genes:
1. All the dominant 'recombination' alleles (rec+) tend to
reduce the recombination frequency in allelic or non-
allelic recombination.
2. All of them, except the 'recognition' locus (cog), are
loosely linked or unlinked to the target loci.
3. Location of such genes shows that rec-1, rec-2, rec-3 and
rec-4 are independent genes. rec-3 and rec-x, controlling
the recombination at different loci, seem to be the same
alleles, since no segregation was found between them (Catche-
side and Austin 1969). In other words, recombination genes
are highly specific. Each of them affects recombination
at one or two loci (D.E.A. Catcheside 1970).
4. Recombination of the markers flanking to such controlled
loci is not altered by these recombination genes (Thomas
and Catcheside 1969; Smyth 1971), except rec-2 and rec-w.
However, the distribution of the flanking markers in parental
classes, among the prototrophic recombinants, are differ-
ent significantly according to the situation of the recom-
bination genes.
5. Further, it is found that the recombination gene has no
effect on the gene activity expressed by the controlled locus
(D.E.A. Catcheside 1968a,b).
Another kind of gene called 'recognition' gene has been
Table 1. Genetic factors affecting recombination frequencies in Neurospora crassa
Recombination
gene
rec-1 (V)* his-1 (V) allelic Jessop & Catcheside 1965
Catcheside 1968; Catcheside
& Austin 1969 Thomas&
Catcheside 1969.
rec-2 (V) pyr-3- his-5- leu-2 (IV) non-allelic Smith 1966.
rec-3**(I) am-1 (V) allelic Catcheside 1966, 1968
&non-allelic Smyth 1971.
rec-4 his-3 (I) allelic Jha 1967, 1969.
rec-w (V) his-3 (I) allelic Catcheside & Austin 1969
Angel, Austin & Catcheside
1970.
rec-x (I) his-2 (I) allelic Catcheside & Austin 1969.
rec-z nit-2 (I) allelic D.E.A. Catcheside 1970.
cog (I) his-3 (I) allelic Angel, Austin & Catcheside
& non-allelic 1970.
*The Roman numerical letter indicates the linkage group.





identified (Angel, Austin and Catcheside 1970). It is
closely linked to his-3, the controlled locus. The cog+
allele greatly enhances the increase of recombination
frequency by homozygous rec-w.
From the study of the distribution of the flanking
markers among prototrophs, it reveals another aspect of
the recombination event. rec-1+ and rec-3+ probably have
pleiotropic effects on both frequency and polarity of
recombination (Thomas and Catcheside 1969; Smyth 1971).
Parental classes (PD or pd) among prototrophs result from
gene conversion of one of the mutant alleles. Proportion
of them can be changed by the difference of rec alleles.
On the whole, very fruitful results were obtained
from the study of Neurospora. Evidences given by these
experiments show that the regulatory system as well as the
mechanism of recombination can be explained by an operator
model and hybrid deoxyribose nucleic acids (DNA) model.
This will be discussed later.
(iii) Schizophyllum commune
Schizophyllum is a tetrapolar basidiomycete. The sexual
behaviour is controlled by two unlinked incompatibility
factors, A and B (Papazian 1950). Formation of a dikaryon
occurs only when both A and B factors have different specificity.
The specificity of each factor is, in turn, determined by two
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linked subunits, & and B (Papazian 1951; Raper, Baxter and
Middleton 1958; Raper, Baxter and Ellingboe 1960; Koltin and
Raper 1967a, b; Koltin, Raper and Simchen 1967; Koltin 1969)
which are multiple allelic. At least one subunit of a factor
must be heteroallelic for the compatibility of each factor.
In determining the structure and the distribution of the A factor,
the B factor, and their subunits in nature, Raper and his asso-
ciates found obvious variation in recombination frequencies
between subunits of both the A and B factors among different
strains* (Raper, Baxter and Middleton 1958; Raper and Ellingboe
1960; Koltin, Raper and Simchen 1967). Analysis of such data by
Stamberg (1969b) showed that the variation was subject to genetic
control. In 1967, Simchen showed there is a high degree of hetero-
geneity in recombination frequencies of the A factor, among the
progeny of a single dikaryon. He postulated a gene (rec), which
probably linked to the A factor, regulated the recombination frequency
between the Ad and Ab loci. High recombination value would be
obtained when the controlling gene was homozygously recessive.
Later, through inbreeding experiments (Simchen and Connolly
1968) and a backcro s s programme at different temperatures,
*Range of variation in the A factor was 3.3-22.8% and in the
B factor 0.8-8.0%.
923° and 32°C( Stamberg 1968, 1969a; Simchen and Stamberg
1969b, 1970), several authors found that:
1. Recombination frequencies in the A and B regions were
controlled by two independent gene systems.
2. Each controlling gene system might involve two or more
genes which were inherited independently of the incom-
patibility factors.
3. The mode of the control was the so called 'fine control'
(Simchen and Stamberg 1969b) which was highly specific
and effective in regulating the level of recombination.
Besides the incompatibility factors, other regions
which were adjacent to or non-adjacent to them were also
studied. Generally, different gene systems, controlling
recombination at different chromosomal regions, were involved.
However, it was found that some loci controlled recombination
in more than one region, either coordinately or in a contrast-
ing manner (Simchen and Stamberg 1969b; Schaap and Simchen
1970).
dab and ade-5 are two nutritional markers which locate
between the Ad and AB loci (Raper 1966). At least one gene
was found to control the recombination frequency at this region.
This controlling element did not extend its effect to the
adjacent regions, i.e. Ad and ade-5- AB. Further,
heterogeneity in recombination frequencies was obtained only
at the high temperature, i.e. 32° C (Simchenand Stamberg 1969b).
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C. Mechanism of genetic control of recombination
Proposals of a model to explain the action of recombination
genes are restricted to the following evidences as revealed in
Neurospora and Schizophyllum:
1. The rec+ allele, which is usually assumed to produce a meta-
bolically active substance, reduces the recombination fre-
quencies.
2. The action of rec genes is highly specific although they may
control different regions of the genome.
3. The rec gene is usually not linked or loosely linked to the
controlled region.
(i) Possible role of the recombination gene on the recom-
bination process by hybrid DNA model
During the past ten years, very strong evidences showed
that recombination is not explained by the copy-choice hypo-
thesis. Firstly, it was demonstrated that the chromosomes are
already replicated by the time of nuclear fusion in the Ascomycete,
Neottiella (Rossen and Westergaard 1966) and the green algae,
Chlamydomonas (Sueoka, Chiang and Kates 1967). Secondly, the re-
combination process by breakage and reunion of DNA molecules was
clearly shown in bacteriophage by the technique of CsCl density
gradient centrifugation (Watson 1970). Thirdly, only a small
amount of DNA synthesis occurs during meiosis (Holliday 1962)
Therefore, Whitehouse (1963, 1965 and 1966), Whitehouse
and Hastings (1964 and 1965) and Holliday (1964 and 1968) pro-
posed that alternative models of hybrid DNA to explain the mechanism
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of recombination. Their models share the following common fea-
tures.
1. Breaking process: Recombination is initiated by enzymati-
cally mediated breakage and reunion of DNA strands. The
firat break of single DNA chains of two chromatids occurs
at a defined point, the recombinator (Holliday 1968), which
is the recognition site for the endonuclease.
2. Formation of hybrid DNA: Hybrid DNA which is made up of two
complementary base chains derived from the homologous
chromatids after the initial breakage and erosion of broken
chain by exonuclease, is formed.over a short distance. Length
of the hybrid DNA is variable depending on the second breakage
point.
3. Repairing process:: The mismatched base pairs in the hybrid
DNA segment are repaired by enzymes to give the correct base
pairing either similar to the wild type or to the mutant.
Based on this model, the most specific event is the initial
breakage process which occurs at a fixed point. Therefore, two
hypotheses were proposed by Catcheside and his associates (Smith
1966; Angel, Austin and Catcheside 1970; Catcheside and Austin
1971)o Most of the recombination genes are probably the regu-
latory genes which are loosely linked or unlinked to the loci
they affect. The rec+ allele produces diffusible repressor sub-
stances which may prevent the activity of recombinase or more
specifically, the endonuclease, by acting on a recognition locus,
which is close to the controlled region such as the cog locus
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found by Angel, Austin and Catcheside (1970). This locus is the
point of initial breakage according to the hybrid DNA model.
Several recognition sites where a p articular rec gene acts on,
may be located throughout the genome at several chromosomal segments.
This is supported by the .finding of the common regulation of re-
combination at am 1 and h_is 2 by rem. A similar hypothesis was
proposed by Simchen and Stamberg in 1969. Different chromosomal
segments may have identical recognition site which is subject to
the same controlling element.
On the other hand, the rec gene may exert its effect on re-
combination by inhibition of the synthesis of recombinase. Another
kind of recognition site, con as suggested by Angel et al (1970),
is required for the action of rec gene. Cog gene is still ther
first breakage point but is subject to rec genes indirectly.
(ii) Possible role of the recombination gene on the
synthesis of synatinemal complex
To let the recombination process occur, two conditions must
be fulfilled. First, the chromosomal segments must be available
for the recombinases. Second, the homologous chromatids must be
close enough. Pairing of them should be accurate at the molecular
level. The previous hypotheses proposed by Catcheside arld his
associates are based on the first requirement. However, as sug-
gested by Putrament (1971) and Fincham and Day (1971) the recom-
bination gene may act on the level of chromosomal pairing by regu-
lating the formation of synatinemal complex (SC).
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SC is a proteinaceous substance, composed of protein and
ribonucleic acids (RNA). It occurs between the paired homo-
logous chromosomes during the lepotene and the pachytene stages.
The complex, observed under the electron microscope, consists of
two portions: The lateral component constructed of alternating
thick and thin bands which are embedded in the chromatin sur-
face, and the central region of ribonucleoprotein which includes
the thick dense rod called central component (von Wettestein
1971) or synaptic center (Lu 1970).
So far, the detailed process of recombination undergone
with the help of SC is still highly speculative. However, the
above hypothesis is attractive because::
1. The segment of the lateral component of SC is highly speci-
fic and their formation is under genetic control. Small
among of delayed DNA synthesis during the late leptotene
stage is required to initiate the formation of SC (Roth and
Ito 1967).
2. Each segment is recognized by corresponding recognition site
on the homologous chromatids, von Wettestein (1971) estimated
that about 6500 recognition genes existed in the entire genome
of Neottiella. Presence of the recognition sites gives a
precise point to point pairing of homologous chromatids with
the aid of the central region material.
3. The central component provides a place for physical contact
and base by base pairing of the two DNA double helices, so
that crossing over by breakage and reunion takes place (von
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Wett ste in 1971; Lu 1970).
4. SC is not essential to recombination itself. But its pre-
sence will give more regular and extensive exchange in
meiosis (Moses 1968).
Putrament integrated the findings of SC and recombination
events, especially the genetic control of recombination and pro-
posed that any mutation of some SC or other chromosomal structural
protein may lead to change in recombination frequencies without
disturbance in thefittness of the organism, since the change of
this kind of substance is not essential for the chromosomal meta-
bolic activities. Therefore, the rec genes identified in Neurospora
as well as in Schizophyllum, may be mutants of structural genes
of these proteins.
D. Aims of this study
We have seen that a controlling mechanism for recombination
definitely occurred in Schizophyllum. But identification of such
genetic factor(s) and their functions have not been worked out
clearly. Therefore, the present study was designed along this
line. It comprises two parts: (1) recombination at- 4-
region and its related markers, dm -9, and ade-5; (2) recombination
at pab- ade- region and dm-9- comp-2 region.
The results indicate that independent gene systems are in-
volved in controlling the recombination frequency at dm-9- A, ,
Ad - ade-5 and ade-5 - AB regions. Identification of the 'recom-
bination gene' was carried out in more detail at pab - ade-5
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region. Finally, an attempt was made to demonstrate that the
plating method, which is employed widely in genetic studies of
Neurospora, can be used also in our studies of recombination
frequency in Schizophyllum.
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II. MATERIALS AND METHODS
A. Biological meterials
The Schizophyllum strains used in this study are listed
in Table 2. ade- and pab, obtained from Professor J. R. Raper' s
collection at Harvard, were described by Raper and Miles (1958)
and Raper, Baxter and Ellingboe (1960). They require supplemen-
tation with adenine and para-aminobenzoic acid to the minimal
medium for growth respectively. Both markers are located between
the Ad and Aa loci (Fig. 1).
Two morphological markers, dm-9 and com -2 which are small
and compact, were used so that the screening procedures by the
plating method became more efficiently. dm-9 was induced by
ultraviolet light from strain K25 in our laboratory. It is located
on the proximal region of the chromosome where the A factor is
located (Tang and Chang 1971). Comp-2 is a spontaneous mutation
obtained from Dr. J. Stamberg's collection at Tel-Aviv University
(Stamberg 1968a). It is probably identical with dome minor, an
X-ray induced colonial mutation found at Harvard (Raper, Baxter
and Ellingboe 1960). The locations of these markers are given
in Fig. 1.
B. Culture media
Crosses, isolation of spores and mating tests were performed
on complete medium (CM) or CM with yeast extract. For development
of fruiting bodies, fruiting medium (FM) was used. CM with agar
NO. 1 was required for collection of spores by spore cutter. Tests
Table 2. Source of strains used in this study
















Progeny derived from Prof. Raper's
collection.
Morphological mutant derived from
K25, by UV treatment.
Biochemical mutant obtained from
Prof. Raper's collection (#1738).
Provided by Dr. Stamberg (#C40).
Abbreviations:
ade-5 = adenineless
pab = Para-aminobenzoic acidless
dm-9 = dome-shaped mutant
comp-2 = compact mutant
Abbreviations:
cent.= centromere( Pap azian 1951)
sty = streak morphology (Papazian 1951)
dm-9 = dome minor morphology induced by UV (Tang and Chang 1971)
dm = dome minor morphology( Raper, Baxter and Ellingboe 1960)
com-1 = compact morphology (Stamberg 1968a)
comp-2 = compact morphology, larger than comp-1 (Stamberg 1968a)
dab = requirement for para-aminobenzoic acid (Raper, Boyd and. Raper 1965)
ade-5- = requirement for adenine (Raper 1966)
X-15- = unknown requirement (Ellingboe and Raper 1962a)









for auxotrophy or screening for prototrophy were carried out on
minimal medium (MM) or supplemented media (SM). Components and
concentrations of these media are listed in Table 3.
C. Experimental procedures
(i) Fruiting of dikaryons
Strains with compatible mating factors were mated on CM
and incubated at 30°C for three days to establish dikaryons.
Small blocks of agar medium containing dikaryotic mycelia were
subcultured on FM (Raper and Miles 1958). After three days'
incubation at 30°C, they were placed at room temperature under
continuous illumination by fluorescent tubes for fructification
(Simchem 1967).
(ii) Spore collection
Sporulating fruiting bodies were inverted over a petridish,
containing CM with agar NO. 1, for several seconds to one minute,
depending on the rate of spore discharge which was checked under
the microscope. Spores on the surface of the agar medium was
spread evenly by a sterilized, bent glass rod and then put in the
incubator at 30°C for germination (Raper, Baxter and Middleton
1958). After 16 hours, germlings were isolated with a mechanical
spore cutter (Raper 1963) under a microscope. Small agar blocks
containing a single spore germling were subcultured, by a chisel-
edged needle, onto CM for growth at 30°C for several days.
Plating method (Newmayer 1954; Jessop and Catcheside 1965)
was employed for spore collection in studying recombination fre-
Table 3. Media used in this study













CM= complete medium Y.E.= Yeast extract
MM= Minimal medium FM= Fruiting medium
Supplemented media were minimal medium supplemented with the following:
adenine 13.5 mg/L


















































quencies. The procedure is described as follow:
Cultures with sporulating fruiting bodies were put at de-
sired temperatures for at least 18 hours prior to the spore col-
lection (Raper, Baxter and Middleton 1958; Stamberg 1968b). The
temperature was checked by placing a max-min recording thermome-
ter to make sure that the temperature never varied more than l°C
from the presumptive value. This is required because recombina-
tion values will be stabilized at least 14 hours after incubation
at a new temperature (Stamberg and Simchen 1970).
Fruiting bodies were then inverted over a sterilized, dried
petri dish for 3-6 hours. Prints of basidiospores were obtained
and suspended in 5 ml of 'Tween 80' (1:100,000). After thorough
mixing by a sterilized needle and a magnetic mixer, the spores
were serially diluted usually upto the order of 10 2. A drop of
spore suspension from the petri dish was used to estimate the
spore density by an hemocytometer (see appendix).
For studying the recombination frequencies of the A factor,
a suitable volumn of spore suspension was put into the molten MM
which was kept at 40°-44°C, with a concentration of about 150
spores per 100 ml medium. After thorough mixing, a thin layer of
the medium was poured into Petri dishes and incubated at 300C for
growth. After four days, colonies were large enough for scoring
for morphology and mating types.
Similar procedures were carried out in studying the recom-
bination frequency at pab- ade-5 region except that suitable
volumes of spore suspension, containing 300 and 6,000 spores,were
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pipetted into 100 ml of CM with yeast extract and 100 ml of MM
respectively.
(iii) Mating test
At the beginning of this study, small blocks of agar me-
dium containing mycelia of the tester strain were cut and placed
on CM by an inoculating needle. Later, the mycelia of the tester
strain, accompanied with the agar medium, were first macerated
in 15 ml of sterilized, distilled water by a blender at high
speed for two minutes and then transferred onto agar plates
through a syringe.
Screening for the recombinants of the A factor, was done
by mating each unknown monokaryon to a tester, A42 B0(2- 7. After
four days, the specificity of the A factor could be distinguished







where 'B' stands for the B factor, either B41 or B42;
' A*' stands for a non-parental A factor, either
A43- 'I or A J1- ,5;
'+' stands for dikaryon formation;
' F' stands for flat mycelium, i. e. common A heterokaryon.
Thus an efficient method for scoring recombinant of the A factor
could be established due to the following reasons: (1) The B
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factor of the tester strain was completely different from that
of the parents used. Therefore only 'F' and'+' reactions were
observed in the mating test. (2) Majority of the prototrophs
grown on MM should be A42 which gave 'F' reaction when mated to
the tester, while those showing'+' reaction represented the re-
combinants (A* or A41) of the A factor (Table 4).
For determination of different classes of the recombinants
of the A factor, a second mating of them to four testers was












Again, the B factor of the tester strain was different
from that of the unknown monokaryon, so that only' F' and'+'
reactions were observed.
(iv) Scoring for prototroph frequencies and recom-
bination involving morphological markers
This was done by direct observation of the spore colonies
after several days' growth. Number of colonies growing on CM
and MM, as well as of those showing different morphology, were
counted and recorded.
D. Statistical analysis
For testing the homogeneity among the results of different
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crosses, a contingency X2 test and analysis of variance of
angles (degrees) were used.
The formula of contingency X2 (Snedecor and Cochran 1967)
is as follow:
x 2 =Epixi - pE-xi
p q
where: degree of freedom= number of crosses- I
xi= number of recombinants in each cross
pi= proportion of recombinants in each cross
p and q= proportion of recombinants and non-
recombinants respectively, among all crosses
Significant levels, based on probability, are symbolizied as
follow:
unstarred: P > 0.05
*: P = 0.05 - 0.01
**: P = 0.01- 0.001
***: P < 0.001
If the probability is less than 0.05, the difference of
recombination frequencies among various crosses is significant,
i.e. the strains are said to be heterogenous.
For the purpose of analysis of variance, the recombination
frequencies shown in percentages (p), were transformed into
angles (0, in degrees), by p= sin20 or 0 =
aresine jffuniber of recombinants It is because the variance
total progeny
of p is p(1-p)/n. It has errors depending on the statistic's
values (Simchen and Stamberg 1969b; Schaap and Simchen 1971);
but after angular transformation, the variance of 0 has a con-
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scant error (820.7/n) which depends on the sample size only.
In a comparison of two groups, F values, obtained from
the ratio between group mean squares and within group mean
squares, was used. X2, calculated from division of the sum of
squares by the theoretical error, gave estimation of the degree
of heterogeneity within a group. Theoretical error is 820.7
divided by the harmonic means of sample sizes.
When the recombination frequencies of two or more regions
were measured at the same time, interclass correlation coefficient,
r, was employed to show the degree of closeness of these variables
(Snedecor and Cochran 1967). The formula is
where xI and x2 represent the deviates of different variables in
the same cross. If the absolute value of 'r' is not significantly
different from zero (P>0.05) it is assumed that there is no cor-
relation between them. Further, this relationship was shown more
clearly by a scatter diagram. Regression lines were drawn in the
diagrams according to the linear regression equation:
where x and y are the deviates and b is the regression coefficient.
If one or two data were missing from a set of experiments,
estimation of the missing data was calculated by the following
formula based on one-way classification (Snedecor and Cochran
1967):
26
where X = missing value; a = number of columns; b = number of
rows; T = sum of items in the same column; B = sum of items in
the same row; S = sum of all observed item. This correction
gives more accuracy during the analysis of variance.
Another correction was made when the recombination value
was zero. It was substitued by 1/4n, where n was the total




A. Genetic control of recombination in Ad- A re ion
and its related markers, ade-5 and dm-9
Recombination by crossing over is reciprocal, i.e. two
classes of recombinants as well as two parental classes should
be obtained from products of each meiotic event. The recombi-
nation frequency is calculated from the division of the number
of recombinants by the total number of the event. By special
design, half of the meiotic products can be screened, so that
only one recombinant class and one parental class among the pro-
geny are preserved without any influence in calculation of the
recombination values. The principle of the analysis used in this
experiment is shown in Table 4.
Here we started the study from a dikaryon (A42 B42 dm-9
++ A41 B41+ ade-) by crossing M'13 (A42 B42 dm-99 +)to T73
(A41 B41+ ade-). Spores of this dikaryon were collected in the
MM by the plating method at temperature 25°- 28°C. In this way,
only those spores not carrying the biochemical marker can grow
in the MM. Therefore, an efficient method was established in
screening the Ad(- AAN recombinants among the progeny.
(i) Recombination fre uencies at dm-9- ade-5 and
Ad;- A(3 regions and their com onents
From the original dikaryon (M13+ T73), six progeny
carrying A42 B42_+ (K343, K344, K345, K346, K347 and 3-2)
Table 4. Different classes o progeny obtained by
















































+Progeny unable to grow in MM are shaded.
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and six progeny containing A41 B41+ ade-5 (K348, K349, K350,
K352, K353 and 14-3) were sorted out. Totally thirty-six di-
karyons were obtained from all possible crosses among them. Due
to the infertility among the crosses involving one of the mating
strains K346, and two other crosses, K350 X 3-2 and K352 X 3-2,
there were only twenty-eight dikaryons to be studied. Summary
of the data and the analysis of variance for these are shown in
Table 5.
The X2 values shown in Table 5, indicate that the variations
of recombination frequencies at dm-9- ad e-5 and AL- ade-55 re-
gions are highly significant (X 7 =.73.21 and 67.98 respectively,
P < 0.001). Those at dm-9- A& and A&(- AB regions are borderline
cases (X27= 41.34 and 37.46 respectively, P-O .05). At ade-5-
AQ region, the variation is not (X27= 17-34, P0.05).
From the analysis of variance, the differences among the
variates between rows and that between columns are not significant
in all regions as shown by the X2 and F values. The interaction
of rows X columns is significant at dm ade-5 (X20= 47.37,
P < 0.001) and A&- ade-5 (X20= 33.94, P= 0.01- 0.05) regions,
i.e. the recombination frequencies of these two regions depend on
the genetic situations of the opposite mates. Other regions are
not significant.
(ii) Distribution of recombination values at
different regions
Distribution of recombination frequency at dm-9- A&re-
gion is unimodal. Those at dm-9 - ade - 5, A&-AB and A& ade-5
Tab 5. Recombination values (in percentage) at different
regions of the multiple cross programme.
a. dm-9 ade-5 region:




Monokaryons (A41 B41+ ade-5)


















































Analysis of variance of angles (in degrees) of the multiple
cross programme:

























b.- dm-9 A& region




Monokaryons (A41 B41+ ade-5)



















































Analysis of variance of angles (in degrees) of the multiple
cross programme:
























Table 5.. (font' d)
c. A&- AB region:
Parental crossest: 34/363= 9.37
Multiple cross programme:
Monokaryons
(A42 B___42 dm- 9+)
Monokaryons (A41 B41+ ade-)


















































Analysis of variance of angles (in degrees) of the multiple
cross programmae.

























d. Ac- ade- region:




Monokaryons (A41 B41+ ade-5)



















































Analysis of variance of angles (in degrees) of the multiple
cross programme:

























e. ade-5- AB region:




Monokaryons (A41 B41 + ade-5)



















































Analysis of variance of angles (in degrees) of the multiple
cross programme:




























regions are bimodal. At ade-5- AB region, no distinct pattern
of frequency distribution was observed (Fig. 2).
The unimodal pattern of the distribution suggests that the
recombination value is probably controlled by two or more genes.
Their effects are equal and additive. The bimodal pattern indi-
cates the segregation of a major genetic factor contributing a
larger effect of recombination at that region. From the continuity
of the variation, at least one additional locus with a minor effect
is also segregated.
The patterns of the distribution at the three different re-
gions,- A&. (Fig. 2c), A&- add (Fig. 2d) and ade-5- AB
(Fig. 2e), are different from each other. The unimodal pattern at
dm-9- A& and the bimodal pattern at A&- ade 5 regions indicate
that two different gene systems are involved. One is polygenic
with equal effects, while the other includes a major genetic factor
with one or more modifiers. At ade-5- AB region, there is probably
no genetic factor controlling the recombination as suggested by the
distribution which does not follow the regular pattern, aid, in
addition, by the contingency X2 indicating the absence of signi-
ficant difference among the recombination values.
(iii). Correlation of recombination frequencies at different
regions
The correlation coefficients (Table 6) between dm-9- ade-5
region and its subregions, dm-9- A& and A&, -ade-5 are 0.7 and
0.66 respectively and the probabilities of them are less
Figure 2. Frequency distribution of recombination values (0)
of twenty-eight dikaryons, a. dm-9- ade-5 region; b.
A& -- AB region; c. dm-9- A& region; d. A& ade-5
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Table 6. Correlation coefficients r (d.f.= 26) between the
recombination frequencies of any two of the different
chromosomal regions.
Regions dm-9- ade-5
am-9- A& 0.7 dm-9- A&
A&- AB 0.59 0.30 A&- AB
A&- ade-5 0.66 0.37 0.95 A& - ade-5
ade-5- AB 0.07 0.07 0.33 0.03
38
than 0.001.. The recombination of both: the; subregions are not
correlated. They contribute equal effects to the variation of
the recombination at this region. This is also shown in Fig. 3.
On the other hand, the variation in recombination at A&- AB re-
gion is caused mainly by A& - ade- region, since there are strong
correlation between A& AB and A& ade-5 regions (r=0.95,P<0.001),
but weak between A& AB and ade-5- AB regions (r=0.33,P>0.005;
Fig. 4).
Correlation coefficients between recombination frequencies
of any two of the three regions, dm-9- A&, A&- ade-5 and ade-5-
are 0.37,0.03 and 0.07 respectively. The probabilities of
them are greater than 0.05 which indicates that the recombina-
tions at these regions are not correlated (Fig. 5). The results
strongly suggest that the controlling systems, if they exist, are
different at these three regions.
Figure 3. Correlation between the recombination frequencies























Figure-. Correlation between the recombination frequencies











































Figure 5. Correlation between the recombination frequencies
of any two at three regions. a. dm-9- A& & A& ,- ade-5;













B. Genetic control of recombination in pab- ade-5
and dm-9- comp-2 regions
To study the recombination frequencies in pab- ade- 5 and
dm-9- comp-2 regions, the following crosses were made:
(dm-9++ ade-5) X(± comp-2 pab+)
Mature fruiting bodies were kept at 32+ 10C before spore col-
lection. Those colonies growing on MM and those with wild type
morphology represent half of the total recombinants at pab- ade-5
and- comp-2 regions respectively. By comparing the number
of recombinants with that of the control or with the total number,
recombine.otion frequencies of these two regions were calculated.
(i) Initial observation on prototroph frequency
in the pab- ade-5 region
Totally thirty-five progeny, derived from two independent
crosses, K352 (A41+ ade-5) X K347 and K349 (A42 dm-9 +), and K349(A41 +
ade-5) X 3-2 (A42 dm-9±), with genotype(+ ade 5) or (dm-9 ade-5),
were sorted out to mate with a common strain T120 (A43 B43 com -2
pab_). By this scheme, variation in recombination frequencies, if
exists, should be observed due to the common backgound of the
opposite mate. The results are shown in Table 7 and Fig. 6.
The range of prototroph frequencies at pab- ade-5 region
varies from 2.36 to 10.31/. Contingency X2 test shows that they
are heterogenous groups (X2= 45.07 and X2= 42.06). Further,
14 19
they can be divided into low (2-5°,0) and high (7-10%) groups,
showing a high degree of homogeneity within groups (X2= 8.11
13
and X2= 12.18, P > 0.9). On the other hand, comparison between
18
Table Initial observations of prototroph frequencies at pab- ade-5 region
Totally 35 ade- progeny which were obtained from two crosses K352 X
K347 and K349 X 3-2, mated to T120 (A pab+) strain.
Serial No. ade-5 progeny No. of viable spores Prototroph No. OA



























































































Contingency X2 (d.f.= 14) 45.07
Pooled value 6019 375.10 6,23
%
Table 7.(Cont'd)
Serial No. ade-5 progeny No. of viable spores Prototroph No. % %A

























































































































Contingency X2 (d. f.= 19) 42.06***
Pooled value 10219 423.50 4.14
PROTOTROPH VALUE (0)
Figure 6. Distribution of prototroph values( in degree) at pab- ade-5
region from 35 dikaryons in Table 7.
8
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low and high groups by the F test (F1 13= 53.51 and F1 18
31.81) are highly significant (Table 8). Histogram in Fig. 6
clearly demonstrates that two distinct classes, low and high, can
be divided among the thirty-five crosses.
The results suggest that a genetic factor, affecting the
recombination at the paab_- ade-5 region, segregates among the
progeny of both K352 X K347 and K349 X 3-2 crosses. The factor
is separable from the controlled region, since it is independently
inherited. This genetic factor, according to Catcheside's nomen-
clatural system in N. crassa, is called 'recombination' gene,
rec-I.
Table 8. Analysis of variance of angles (in degrees) corresponding to the
percentage in Table 7.
Division point Source def. S.S. X2 M.S. F






















































(ii) Test of dominance of rec-I gene
Since strain T120 gave both low and high prototroph fre-
quencies when crossed with different ade-5 strains. It may
possess the recessive allele. However, which allele, dominant
or recessive, causes low or high recombination frequency is still
unknown. This was tested by the following scheme:
From Table 7, two crosses H41d (dm-9++ ade-5) X T120
(+ comp-2 pab+) and H15d (dm-9++ ade-5) X T120(+ comp-2 dab+)
giving low (3.86%) and high (8.07/) prototroph frequencies res-
pectively, were chosen to test the hypotheses. Progeny derived
from these two dikaryons were mated with three testers, T120
(pab+), H41d(+ ade-5) and H15d.(+ ade-5). The results of forty-
eight crosses in this programme turned out into three classes:
1. All progeny derived from these two dikaryons gave low fre-
quency when they were tested by H41d tester strain (Table 9b
and Table 10b, X6= 2.22 and X8= 6.54).'
2. All progeny from the dikaryon (Hl5d+ T120) gave high fre-
quency when they were backcrossed to their parental strains
(Table 1Oa and c, X8= 5.93 and X4= 1.25).
3. The progeny isolated from the dikaryon (H41d+ T120) gave
segregation of low and high groups when they were tested
either by H15d tester or by one of their parental strains,
T120 (Table 9a and c, X9= 42.45 and X 6 2= 17.70 with P40.05).
Analysis of variance is given in Table 11. Both X2 and F
values gave consistant results that the rec alleles in this
dikaryon are heterozygous.
Table Segregation of recombination gene among the progeny of the cross,
H41d X T120
Serial no. Progeny No. of viable spores Prototroph no. OA





























































Contingency X2 (d.fo = 9) 42.45
Pooled value 2987 188.18 6030
%
Table 9. (Cont'd)
Serial no. Progeny No. of viable spores Prototroph no. OA











































Contingency X2 (d.f.= 6) 17.70
Pooled value 3174 302 .08 9.52
Table 9 (Cont' d)
Serial no. Progeny No. of viable spores Prototroph no. % OA











































Contingency X2 (d. f.= 6) 2.22
Pooled value 1417 63.91 4.51
Table 10. Segregation of recombination gene among the progeny of the cross,*
H15d X T120
Serial no. Progeny No. of viable spores Prototroph no. % 4A























































Contingency X2 (d.f.= 8) 5.93
Pooled value 2627 233.28 8.88
Table 10. (Cont'd)
Serial no. Progeny No. of viable spores Prototroph no. OA





























































Contingency X2 (d.f.= 9) 6.54
Pooled value 2228 100.00 4.49
%
Table 10. (Cont'd)
Serial no. Progeny No. of viable spores Prototroph no* % OA































Contingency X2 (d.f.= 4) 1.25
Pooled value 1666 139.30 8.36
Table 11. Analysis of variance of angles (in degrees) corresponding to the-
percentage in Table 9a and 9c.
Division point Source d.f. s.s. x2 M.S. F






















































The summary of the above results is given in Table 12. It
demonstrated that H41d strain contained the dominant allele of
the gene (rec-I+) which reduces the recombination frequency, and
both T120 and H15d strains carry the recessive allele (rec-I)
which increases the frequency when the alleles are homozygous.
From the above conclusion, the allelic constitution of
the rec-I gene in those ade-5 progeny listed in Table 7 could be
deduced as follows:
1. The constitution of the rec-I gene on the original crosses,
K352 X K347 and K349 X 3-2 should be heterozygous, so that
the segregation of rec-I+ and rec-I- was found among their
progeny.
2. Those ade-5 progeny produced low prototroph frequency should
be dominant allele, rec-I+, since the opposite mate, T120,
carried the recessive allele, rec-I-.
3. Those produced high prototroph frequency should be recessive
allele.
The ratio of rec-I+ to rec-I- among these 35 ade-5 progeny
was 28:7. This indicates that the rec-I gene did not independently
segregate from ade-5 locus. They are linked with a map distance
about 20 (7/35) units apart.
(iii) Recombination frequencies at dm-9- comp-2 region
The wild type morphological colonies were counted from
both the control population and the prototroph population
during the study of the recombination at pab_- ad e-5 region.
Table 12. Expectations and results of rec-I+ controlling the prototroph frequency






























































tProgeny, carrying either p ab or ade-5, were chosen for the tests.
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The results are given in Table 13 with reference to the consti-
tution of the rec-I I gene in each cross. The ranges of recombi-
nation frequencies in percentage of these two populations are
0- 5.77 and 0.77- 5.64 respectively, Contingency X2 of the
thirty-two crosses indicates that the differences are highly
significant (Table 13). If the data are divided according to
the constitutions of the rec-I gene, we find that the dm -9-
co2 recombination frequencies are homogeneous when the rec-I+
allele present (X2= 24.29 and 19.85, P0.05). In those crosses
17
involving homozygous rec-I allele, the differences are signifi-
cant (X 2 13= 43.97 and 45.22, P0.05). The source of variation
is contributed by the cross Hl0-2l X T120. Excluding this di-
karyon from the other thirteen crosses, the contingency X2 shows
homogeneity among them (X2= 19.9 and 19.85, P0.05)12. The
variation is probably caused by the genetic factor(s) segregated
among the progeny.
The distribution of recombination values are shown in
Fig. 7. The unimodal pattern of distribution suggests that the
recombination at this region is under polygenic control.
The comparison of the recombination frequencies calculated
from the control population with that from the prototroph po-
pulation, shows that there is a tendency to increase the pro-
portion of wild type recombinants among the prototroph population
(Fig. 8). The graph indicates that the increase is more regular
in those crosses involving homozygous rec-I alleles than that
of dikaryon containing rec I+ allele.













































































































































































































































































































































































































Contingency X2 (d. f.= 17) 24.29 19.85





Figure 7. Frequency distribution of recombination values(O)
at dm-9- comp-2 region of 32 dikaryons. a. from the
control population; b. from the prototroph population.
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Figure 8. Recombination frequencies(%) at dm-9- comp-2 region
from the control and the prototroph populations.
crosses involving rec-I-/ rec-I-







(iv) Correlation of recombination frequencies between
pab- ade-5 and dm-9- comp-2 regions
In order to examine the possibility of a common regula-
tion of recombination at different regions, correlation coef-
ficients were calculated between recombination frequencies at
the pab- ade- and dm-9- comp-2 regions. It is found that
correlation does not exist between the recombination frequencies
at these two regions (r= -0.14 and -0.26, PS0.05). This is
also shown in Fig. 9
Figure 9. Correlation between the recombination values at pab -ade-5





















A. Significant findings of this study
The present study has yeilded evidences in support of the
findings of Simchen and Stamberg about the genetic control of
recombination at A& - AB region in Schizophyllum commune. Simchen
(1967) reported that the variation of the recombination frequency
at this region ranged from 0 to 19% at 18°C. The difference was
caused by a gene system which consists of one locus with a major
effect on recombination and several loci with minor effects.
Stamberg (1968) found that the recombination values at this region
varied from 2.2 to 17.5% at low temperature (23°C) and from 6.4 to
35.1% at high temperature (32°C). The recombination frequencies
did not fall into two categories of high and low, but extended
over a continuous range. In a later study (1969a), she showed
that the recombination values among seven progeny derived from a
single dikaryon were divided into three groups. She concluded that
a minimum of two genes should be involved.
The present study shows that the range of recombination
frequency at A&,- AB region was 6.29 to 17.5% at temperature 25°-
28°C. The range is much narrower than those reported in the previous
findings. It is probably due either to strain differences or to
temperature variations. From Table 14, it shows that the contingency
X2 of the recombination frequency at this region among twent -eight
crosses may be due to the heterogeneity of the strains, since the
probability is only slightly larger than 0.05. The differences
Table 14. Summerized data of the recombination frequencies at different























































between rows and between columns, and the interaction between rows
columns are not significant. The frequency distribution shows bi-
modal pattern. Interpretation of the above findings is that the
original dikaryon may be heterokaryotic with reference to a single
major genetic factor. Bimodal distribution indicates the segregat-
ion of this factor. In addition, there are several loci contributing
minor effects in modifying the recombination frequency. Therefore,
the X2 values between rows and between columns, i.e. the summed
effects of these loci, are not significantly different.
There are two types of genetic control of recombination,
coarse control and fine control (Simchen and Stamberg 1969b). The
first one determines the occurrence of recombination in the entire
genome and its effect is extreme, i.e. all or none. The second one
changes the recombination frequency to certain extend and its effect
is highly specific. Only a particular segment (s) of a chromosome is
under the control of a gene or a gene system. The recombination
genes in Neurospora and the controlling gene system in Schizophyllum
are a kind of fine control. In 1968, Simchen and Connolly reported
that the response to selection of recombination values at the A and
B factors of Schizophyllum commune are different. Correlation does
not exist between the recombination frequencies in these two regions.
This is consistant with the findings of Stamberg (1968B, 1969a). Her
studies showed that the controlling systems of the A and B factors
are subject to the change of temperature in a different manner. The
recombination at nic-2- ura-1 region which is linked neither to the
A factor nor to the B factor, is under the control of an independent
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gene system which is different from the controlling systems of A
and B regions. Further, adjacent regions of the A factor, i.e
comp-2- A&,AB- X-15 etc., are also controlled by different
genetic factors. In other words, the effects of the controlling
loci are localized at certain chromosomal segments.
The present data provide$ additional evidence to the fine
control of recombination in Schizophyllum. The recombination of
the components of A&- AB regions, i.e. A-& add and ade-5- AB
and the adjacent region, dm-9- A&, were studied simultaneously in
this experiment. The results of them are summarized in Table 14.
Three criteria were used to demonstrate the independent gene systems
controlling the recombination at these three regions. They are X2
values of the recombination frequency of individual crosses, fre-
quency distributions and the correlation of recombination values
at different regions.
At dm-9- A& and A& ade-5 regions, heterogeneity X2 are
borderline significant (X2 27= 41.33, P 0.05) and highly signifi-
cant (X2= 67.98, P < 0.001) res ectivel. It means that the
recombination at these two regions may be under the control of
certain genetic factors. The continuity of recombination values
suggests that at least two loci are involved. This is also shown
in the histograms of frequency distribution (Fig.2c and 2d). The
effects of the genetic factors at dm-9- A& region may be equal
and additive according to the unimodal pattern of frequency dis-
tribution. At A&- ade-5 region, it shows bimodal pattern. Segregat-
ion of a genetic factor contributing a major effect may be concluded.
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Additional. support is given by the significance of interaction
between rowsXcolumns at this region. It means that the recombinat-
ion values depend on the genetic constitutions of the opposite
mates.
No evidence for genetic control of recombination at ade-5- AB
region was obtained in the present study, since both contingency
X2 and analysis of variance indicate homogeneity among different
strains. Moreover, no definite pattern of frequency distribution
was observed (Fig-2e). Absence of genetic control at this region
was previously reported by Simchen and Stamberg (1969a). Whether
there is really absence of a controlling system or this is due to
some other unknown reason, is still not understood.
Finally, the lack of correlation existing among the recombinat-
ion frequencies at these regions gives additional evidence for the
existance of independent controlling gene systems. The effects of
them are specific at particular chromosomal segments.
The most important finding in this study is the identification
of rec-I gene which controls the recombination at paab_- ade-5 region.
Simchen and Stamberg (1969a) reported that heterogeneity of recom-
bination at paab_- ade-5 region was found among six crosses. They
concluded that at least one gene affects the recombination at this
region.
Now the recombination at this region measured by prototroph
frequency varies from 2.36 to 10.31/ at 32°C among thirty-five
dikaryons (Table 7). The prototroph frequencies were divided into
two distinct groups, low (2-5) and high (7-10%). Furthermore, the
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results indicate that the difference is caused by a single gene,
namely rec-I. The properties of this rec-I gene are quite similar
to the controlling system found by Simchen (1967) and Stamberg
(1968b and 1969b) in Schizophyllum and the rec genes in Neurospora
described by Catcheside (1964).
They are:
1. The dominant allele reduces the recombination frequency while
the recessive one increases the frequency.
2. The controlling gene is separable from the controlled region,
dab- ade-5.
3. Further the rec-I gene is linked with the A factor, since the
segregation of rec-I/rec-l- among the 35 ade-5 progeny is
28:7. The linkage distance is about 20 units from the ade-5
locus.
Recombination values at dm-9- comp-2 region, expressed by
the percentage of wild type colonies among the total, varies from
0 to 5.07% in the control population of thirty-two dikaryons. The
contingency X2 of the recombination values is highly significant
(Table 13). Frequency distributions (Fig.7) show unimodal pattern
which suggests that more than one gene is included. According to
the constitution of the rec-I allele, thirty-two dikaryons can be
divided into two groups. Heterogeneity is caused by a single cross,
H10 X T120. From these data, two assumptions can be made:
1. Single gene control: Heterogeneity caused by H10 X T120 may
indicate the segregation of a single genetic factor which
controls recombination at this region. It is closely linked
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(about 2.9 units) to the dm-9- comp-2 region, since there is
only one cross, H10-21 X T120, deviates from others.
2. Polygenic control: Suppose that there are four independent
loci to control the recombination at this region, high recom-
bination may be obtained when all of them are homozygously
recessive. If a dikaryon is heterozygous in four loci, 16
different genotypes among the progeny could be produced.
Further, one out of 32 crosses among siblings would be homo-
zygously recessive of four loci which may give high recom-
bination frequency as shown in our data (Table 13).
Further study should be carried out in order to clarifyi-ng-
the above assumptions.
It was found that no correlation existed between the recom-
bination frequencies of ab- ade-5 and dm-9- comp-2 regions
(Fig. 9). This means that rec-I gene does not exert its effect
at dm-9- comp-2 region. It is a kind of f ine control.
The recombination values at dm-9- comp-2 region were
calculated either from the control population or from the proto-
troph population. Higher values of recombination were usually
obtained among the prototroph progeny. This increase in recom-
bination may be due to the result of negative interference, i.e.
increase in double crossing over. In addition, the increase is
more regular in those crosses containing homozygous rec-I-
allele (Fig. 10). Probably, there is some correlation between
the rec gene and the occurrence of the negative interference.
Two points can be obtained from the above data: (1)
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com-2 was reported identical to the dome minor mutation, which
is about 4.2 map units from A4 locus (Stamberg 1968a). On the
other hand, the distance between dm-9 and dome minor was found
to be 11.9 map units (Tang and Chang 1971). In the present
study, the map distance between dm-9 - comp-2 varies from 0 to
11.28 units. It is wondered whether these three mutations are
a cluster of genes which caused the similar morphological
deficient, or due to other unknown reasons. (2) From the study
at Ad - ade-5 region, it shows that a major genetic factor
affecting the recombination at this region is segregated in the
crosses of the multiple cross programme. At the same time, rec-I
is identified to control the recombination at pab - ade-5 region
which is one of the subregions of Ad- ade-5 region. Whether
these two genetic factors are the same is subject to further
study. From the pedigree of ade-5 strains used in our studies
at pab- ade-5 region (Table 7), all of them were derived from
crosses K352 X K347 and K349 X 3-2. These are two of the twenty-
eight dikaryons. used in the multiple-cross programme of the
study at Ad - AB region ( Table 5). Therefore, they are probably
the same gene.
The present study cannot offer much evidence concerning
the role of the recombination gene on the mechanism of recom-
bination. According to the models proposed by Catcheside and his
associates the rec-I gene described here may be a regulatory gene
which exerts its effect to pab- ade-5 region. The metabolic sub-
stance produced by rec-I+ gene may attach to the recognition site
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which should be close to the target region, so that the action of
the recombinase could be prevented. In this case, mutation at the
recognition site will alter the action of the rec-I gene. On the
other hand, the rec-I gene may control the synthesis of recombinase.
Therefore, change of recombination frequency is an indirect effect.
Based on this model, two kinds of recognition sites (Angel, Austin
and Catcheside 1970) should be required. Difference in rec-I allele
will change the level of recombinase. Reverse of this alteration
may be caused by mutations of the recognition site where the recom-
bination gene acts. Solution of these hypotheses will depend on the
progression of the technique for studying the enzyme level of recom-
binase and the discovery of different kinds of recombination genes.
F incham and Day (1971) and Putrament (1971) proposed an alt er-
native hypothesis of the action of the recombination genes. They
agreed with that synatinemal complex (SC) was the structure by which
effective base-by-base pairing of two non-sister chromatids could
be proceeded (Moses 1968, 1969; von Wettstein 1971). Any difference
of gene constitutions which alter the process of effective pairing
of chromatides might lead to the alteration of recombination
frequency. Therefore, the rec genes identified in Neurospora and
Schizophyllum might be mutants of the structural genes of SC. In
order to explain the evidences revealed by the rec genes, it should
be further postulated that SC might normally prevent the effective
pairing of chromatids. The mutant gene, i.e. rec- allele, would
produce defective structural protein of SC which, in some manner,
let the DNA molecules of two non-sister chromatids precisely pair
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base-by-base. Therefore, high recombination frequency could result.
Presence of rec+ allele, on the other hand, would reduce the
effective pairing.
So far the above hypotheses are still highly speculative.
A great deal of information concerning the nature of different kinds
of recombination genes and their action are required in order to
give a clear picture of the mechanism of genetic control of re-
combination.
Plating method was first introduced by Newmeyer (1954) in the
studies of recombination in fungi. It is widely empolyed in the
studies of Neurospora. However, in Schizophyllum, this method
is rarely used. A similar method was used by Simchen (1967), but
he did not utilize the advantage of screening process by minimal
medium or supplemented media. Here, we collected spores in MM,
so that the screening process of recombinants is operated auto-
matically or is reduced without disturbance in the result of
recombination frequencies. Further, the small size of dm-9 and
comp-2 colony is important in the operation. of the plating method,
since a larger number of colonies of these mutants can be obtained
in a petri dish than that of the wild type colonies which show
spreading growth habit.
The only disadvantage of this method is that it requires a
large quantity of spores for accurate control of the desired
number of spores. Therefore, the period for spore collection in
our experiments generally did not exceed 6 hours. This is because
the recombinationvalue alters scarcely within six hours after a
change of the temperature (Stamberg 1969).
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B. Suggestions for future studies
From the previous discussion, there are two main approaches
to explain the action of recombination genes. One hypothesis is
that the rec gene may act on the initial breakage directly or
indirectly, according to the hybrid DNA model of recombination.
The other is the effect of the rec gene on the formation of the
SC at the level of chromosomal synapsis.
No matter which hypothsis is right, the first step is to
reveal the number, location and the interaction of recombination
genes. Further induction of marker genes within paabb - ade-5
region would give a more accurate estimation of the number of
recombination genes included and the coverage of the effect of
the rec-I gene. The most significant evidence would be obtained
by the induction of more allelic mutations at the ppaabb and ade-5
loci, so that we can study the genetic control of allelic and
non-allelic recombination at the same time.
Stamberg (1968), Stamberg and Simchen (1970) reported
that the recombination frequency at different regions could be
altered by changing the temperature. The alteration is under
genetic control. Therefore, an experiment should be conducted
to show the effect of temperature on the action of rec-I gene.
In order to finding out the effect of the rec-I gene on
the recombination beyond the- ade-5 region, two approaches
can be made. First, the recombination frequency at Ad - As should
be measured directly with known rec-I gene constitution. Second,
the proportion of the parental and the recombinant classes among
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prototrophs should be determined in order to find out whether
the rec-I gene plays a role in the distribution of the flanking
markers such as the findings in Neurospora.
rec-I is linked to the A factor as shown in the result
given in this thesis, but the exact location of it is still un-
known. This can be found out by the help of the known markers,
dm-9 on the proximal side of the A factor, and com -2 on the distal
side. In addition, whether the rec-I gene can exert its effect on
other chromosomal segment is a subject for further study.
In order to disclose the correlation between the rec-I gene
and the formation of SC, electron microscopy of the pre-mature
spores may give fruitful results. According to the model proposed
by von Wettestein (1971), a single gene might control a single
lateral component segment of SC. It would be very difficult to
find out the difference of the SC structure with reference to the
rec-I gene constitution. Therefore, an electron-microscopic study,
accompanied by the temperature treatment, may give a better chance
to solve this problem.
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V. SUMMARY
The present study demonstrates that recombination frequen-
cies at different regions of the A factor linkage froup are
under genetic control. A plating method, which is widely used
in genetic studies in an ascomycete, Neurospora crassa, has
proven useful as an efficient method for screening recombinants
among the progeny in S. commune, a basidiomycete.
A. Genetic control of recombination at Ad - AB
region and its related markers
1. Study of twenty-eight dikaryons illustrates that different
gene systems are involved in controlling the recombination
at three different regions, dm-9 - Ad, Ad - ade-5 and
ade-5- AB.
2. At dm-9 - Ad region, the variation shows unimodal pattern
of frequency distribution. It suggests that the recom-
bination is under the control of at least two genes with
equal and additive effect.
3. Bimodal distribution of the recombination values at Ad -
ade5 region indicates the segregation of a major genetic
factor affecting recombination at this region. However, the
variation extending over a continuous range shows that the
recombination is under polygenic control.
4. Both X2 values and the pattern of frequency distribution
show that no segregafion of any genetic factor is observed
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in controlling the recombination at ade-55- AB region.
5. Correlation coefficients strongly indicate that no corre-
lation exists among the recombination at these regions.
B. Genetic control of recombination at pab- ade-5
and dm-9- comp-2 regions
1. Recombination frequencies at the pab- add-5 region among
thirty-five dikaryons fall into two distinct groups, low
and high. The genetic factor which is called 'recombination'
gene (rec-I) is independently segregated from the controlled
region. It is loosely linked with ade-5 at about twenty map
units.
2. Test of dominance indicates that the dominant allele gives
low recombination and the homozygous recessive allele in-
creases the recombination values upto 2-3 fold.
3. Variation of recombination frequencies at the dm-9- comp-2
region is also significant. The source of variation comes
from a single cross, H10-21 X T120, which probably consists
of a different genetic constitution that increases the
recombination value.
4. No correlation is found between the recombination values
at paab- ade-5 and dm-9- comp-2 regions.
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VI. SUMMARY IN CHINESE
摘 要
本 實 驗 乃 研 究 裂 褶 蘭 不 親 和 因 子 的 重 組 頻 率 。 利 用 性 突
變 型 及 與 形 態 突 變 型
菌 株 並 配 合 平 板
培 养 法 便 实 验 步 骤 得 以 简 化 从 而 鑑 定 控 制 基 因 及 其 作 用
实 验 分 为 兩 部 份 ： 首 先 觀 察 及 其 附 近 區 域 重 組 頻 率
之 變 異 並 以 不 齊 性 卡 平 才 變 方 分 析 及 二 數 相 關 來 進 行 分 析
在 及 區 域 重 組 頻 率 的 差 異 有 不 同 程 度 的 顯 著
性 前 者 的 頻 率 分 佈 為 單 家 數 形 式 而 後 者 則 為 雙 家 形 式 表
示 兩 區 域 的 重 組 受 著 不 同 的 基 因 系 統 所 影 響 在 區
域 重 組 頻 率 沒 有 顯 著 的 差 異 同 時 頻 率 分 佈 也 沒 有 固 定 形 式
因 此 重 組 頻 率 的 基 因 控 制 很 可 能 不 存 在 這 區 域 中 從 相 關
系 數 及 相 關 圖 獲 知 三 個 區 域 的 重 組 頻 率 變 化 彼 此 沒 有 關 係
在 區 域 的 頻 率 變 化 主 要 是 由
次 區 域 所 做 成 受
次 區 域 的 影 響 甚 少 由 此 澄 明 控 制 基 因 有 區 域 性
第 二 部 分 乃 詳 細 研 究 及 區 域 前 者
的 重 組 頻 率 可 以 區 分 為 高 頻 率 與 低 頻 率 兩 組
進 一 步 觀 察 證 明 頻 率 的 差 異 是 由 單 一 基 因 控 制 此
基 因 位 於 因 子 連 鎖 群 上 ， 距 位 於 約 二 十 個 重 組 單 位
它 的 顯 性 等 位 基 因 減 低 這 區 域 的 重 組 頻 率 區
域 的 重 組 頻 率 業 可 能 受 基 因 的 影 響 從 相 關 系 數 獲 知 這 區
域 重 組 頻 率 的 變 異 典
pab ade-5 dm-9 comp-2]
dm-9-A& A& - ade-5
ade - 5 - AB









的 基 因 型 無 關
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VIII. APPENDIX
Estimation of spore density in spore suspension
A drop of spore suspension from the petri dish was placed
on a hemocytometer. Five fields were selected (Fig. 10) for
counting the number of spores by a compound microscope at a
magnification of 16 X 10. Volumes of spore suspension containing
roughly 300 spores were estimated from Fig. 11.
Figure 10, Diagram of an hemocytometer. Squares
with shading are five selected fields
for counting spore number.
NO. OF SPORES COUNTED
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